A multiple-input multiple-output (MIMO) communication system combined with the orthogonal frequency division multiplexing (OFDM) modulation technique can achieve reliable high data rate transmission over broadband wireless channels. Channel state information for both single-input single-output (SISO) and MIMO systems based on pilot aided arrangement is investigated in this paper. The estimation of channel at pilot frequencies with conventional Least Square (LS) and Minimum Mean Square (MMSE) estimation algorithms is carried out through Matlab simulation. The performance of MIMO OFDM and SISO OFDM are evaluated on the basis of Bit Error Rate (BER) and Mean Square Error (MSE) level. Further enhancement of performance can be achieved through maximum diversity Space Time Block Coding (STBC) and Maximum Likelihood Detection at transmission and reception ends respectively. MMSE estimation has been shown to perform much better than LS but is more complex than LS for the MIMO system using pilot carriers.
INTRODUCTION
OFDM (Orthogonal Frequency Division Multiplexing) is becoming a very popular multi-carrier modulation technique for transmission of signals over wireless channels. OFDM divides the high-rate stream into parallel lower rate data and hence prolongs the symbol duration, thus helping to eliminate Inter Symbol Interference (ISI). It also allows the bandwidth of subcarriers to overlap without Inter Carrier Interference (ICI) as long as the modulated carriers are orthogonal. OFDM therefore is considered as an efficient modulation technique for broadband access in a very dispersive environment.
In this new information age, high data rate and strong reliability in wire-less communication systems are becoming the dominant factors for a successful exploitation of commercial networks. MIMO-OFDM (multiple input multiple outputorthogonal frequency division multiplexing), a new wireless broadband technology, has gained great popularity for its capability of high rate transmission and its robustness against multi-path fading and other channel impairments. The arrangement of multiple antennas at the transition end and reception end results increase in the diversity gain refers the quality of signal and multiplexing gain refers the transmission capacity. Space time block coding used in this paper to transmit multiple copies of a data stream across a number of antennas and to exploit the various received versions of data to improve reliability of data transfer.
The major challenge faced in MIMO-OFDM systems is how to obtain the channel state information accurately and promptly for coherent detection of information symbols. The channel state information can be obtained through training based, blind and semi blind channel Estimation. The blind channel estimation is carried out by evaluating the statistical information of the channel and certain properties of the transmitted signals [3] . Blind Channel Estimation has its advantage in that it has no overhead loss; it is only applicable to slowly time-varying channels due to its need for a long data record. In training based channel estimation algorithms, training symbols or pilot tones that are known a priori to the receiver, are multiplexed along with the data stream for channel estimation [4] . Semi-blind channel technique is hybrid of blind and training technique, utilizing pilots and other natural constraints to perform channel estimation.
The training-based method channel estimation can be performed by either block type pilots where pilot tones are inserted into all frequency bins within periodic intervals of OFDM blocks or by comb pilots where pilot tones are inserted into each OFDM symbol symbols with a specific period of frequency bins. The block type pilot channel estimation, has been developed under the assumption of slow fading channel; this assumes that the channel transfer function is not changing very rapidly it can be constant over transmission of few OFDM symbols. The comb-type pilot channel estimation has been introduced in case where the channel changes even in one OFDM block. The comb-type pilot channel estimation consists of algorithms to estimate the channel at pilot frequencies and interpolation is used to find the channel at signal frequencies [5] . The interpolation of the channel for comb-type based channel estimation can be depend on linear interpolation, low-pass interpolation and spline cubic interpolation. Further, this signal model is transformed into a linear form suitable for the LS (leastsquare) and MMSE (minimum mean square error) estimation algorithm. MMSE has been shown to perform much better than LS but more complex than LS. We can use optimal low rank MMSE estimator to reduce complexity. And finally we can conclude that MMSE is an optimal channel estimator in the sense of achieving the minimum MSE (mean squared error). The organization of the paper is as follows. Section II and III describe the system models of SISO & MIMO OFDM systems respectively. Section IV provided the performances of LS and LMMSE algorithms in both the systems and simulation results are presented in Section V Conclusion is given in Section VI. 
SISO OFDM SYSTEM MODEL
The SISO OFDM system block based on Training sequence is given in Fig. 1 . The binary data is first grouped and mapped according to the modulation in "signal mapper". Dependent on the channel condition like fading, different base modulation modes such as BPSK (binary phase shift keying), QPSK (quadrature phase shift keying) and QAM are used to boost the data rate. After modulation the symbol rate reduced to R = (R / log2 M ), where M is constellation size. Then this serial data is fed to serial to parallel convertor. This reduces data rate by N times, where N is number of parallel streams. Each of parallel stream constitutes tiny bandwidth in the spectrum. So these streams almost undergo flat fading in the channel. This is the greatest advantage of OFDM. After inserting pilots either to all subcarriers with a specific period of blocks or within a uniform period of frequency bins in all blocks, IDFT block is used to transform the data sequence of length into time domain signal with the following equation:
where N is DFT length. Following IDFT block, guard time, which is chosen to be larger than the expected delay spread, is inserted to prevent inter-symbol interference. This guard time is a copy of the last part which is prepended to OFDM symbol. This makes the transmitted symbol periodic, which plays a decisive role in identifying frames correctly, so as to avoid ISI and intercarrier interference (ICI). The resultant OFDM symbol is given as follows:
where Ng is the length of the guard interval. The transmitted signal will pass through the frequency selective time varying fading channel with additive noise. Then the received signal is
The channel response h can be represented by Then y(n)is sent to DFT block for the following operation:
As a matter of convenience we can write the entire operation as:
Then the binary information data is obtained back in "signal demapper" block.
MIMO OFDM SYSTEM
Fig. 2 depicts a high level block diagram of the MIMO OFDM system. We consider MIMO-OFDM systems with two transmit antennas and two receive antennas. The total number of subcarriers is N. Basically, the MIMO-OFDM transmitter has Nt parallel transmission paths which are very similar to the single antenna OFDM system, each branch performing serial-to-parallel conversion, pilot insertion, N-point IFFT and cyclic extension before the final TX signals are up-converted to RF and transmitted. It is worth noting that the channel encoder and the digital modulation, in some spatial multiplexing systems, can also be done per branch, where the modulated signals are then space-time coded using the Alamouti algorithm [6] before transmitting from multiple antennas [7] not necessarily implemented jointly over all the Nt branches. Subsequently at the receiver, the CP is removed and N-point FFT is performed per receiver branch. Next, the transmitted symbol per TX antenna is combined and outputted for the subsequent operations like digital demodulation and decoding. Finally all the input binary data are recovered with certain BER.
As a MIMO signalling technique, Nt different signals are transmitted simultaneously over Nt X Nr transmission paths and each of those Nr received signals is a combination of all the Nt transmitted signals and the distorting noise. It brings in the diversity gain for enhanced system capacity as we desire. Meanwhile compared to the SISO system, it complicates the system design regarding to channel estimation and symbol detection due to the hugely increased number of channel coefficients. The data stream from each antenna undergoes OFDM Modulation. The Alamouti Space Time Block Coding (STBC) scheme has full transmit diversity gain and low complexity decoder, with the encoding matrix represented as referred in [8] as 1 2
The vectors X1 and X2 are modulated using the inverse fast Fourier transform (IFFT) and after adding a cyclic prefix as a guard time interval, two modulated blocks X g 1 and X g 2 are generated and are then transmitted by the first and second transmit antennas respectively. Assuming that the guard time interval is more than the expected largest delay spread of a multipath channel. The received signal will be the convolution of the channel and the transmitted signal. Assuming that the channel is static during an OFDM block, at the receiver side after removing the cyclic prefix, the FFT output as the demodulated received signal can be expressed as Knowing the channel information at the receiver, Maximum Likelihood (ML) detection can be used for decoding of received signals for two antenna transmission system, which can be written as
where k = 0,1,2……(N/2)-1
Assuming that the channel gains between two adjacent subchannels are approximately equal. i.e. 
CHANNEL ESTIMATION
Based on those assumptions such as perfect synchronization and block fading, we end up with a compact and simple signal model for both the single antenna OFDM and MIMO-OFDM systems. In training based channel estimation algorithms, training symbols or pilot tones that are known to the receiver, are multiplexed along with the data stream for channel estimation. The idea behind these methods is to exploit knowledge of transmitted pilot symbols at the receiver to estimate the channel. For a block fading channel, where the channel is constant over a few OFDM symbols, the pilots are transmitted on all subcarriers in periodic intervals of OFDM blocks. This type of pilot arrangement, depicted in Fig. 3(a) , is called the block type arrangement. For a fast fading channel, where the channel changes between adjacent OFDM symbols, the pilots are transmitted at all times but with an even spacing on the subcarriers, representing a comb type pilot placement, Fig. 3(b) The channel estimates from the pilot subcarriers are interpolated to estimate the channel at the data subcarriers. 
SISO OFDM Channel Estimation
In block-type pilot based channel estimation, OFDM channel estimation symbols are transmitted periodically, in which all subcarriers are used as pilots. If the channel is constant during the block, there will be no channel estimation error since the pilots are sent at all carriers. The estimation can be performed by using either LS or MMSE [9] , [10] . In comb-type pilot based channel estimation, the Np pilot signals are uniformly inserted into X(k) according to the following equation:
Where L = No. of subcarriers / Np and m is pilot carrier index. If inter symbol interference is eliminated by the guard interval, we write (6) 
in matrix notation
the LS estimator is equivalent to what is also referred to as the zero-forcing estimator. In comb-type pilot based channel estimation, an efficient interpolation technique is necessary in order to estimate channel at data sub-carriers by using the channel information at pilot sub-carriers.
In the linear interpolation method the channel estimation at the data-carrier k, mL< k < (m + 1) L, using linear interpolation is given by:
Where Hp is channel estimation value at pilot frequency. The low-pass interpolation is performed by inserting zeros into the original sequence and then applying a lowpass FIR filter that allows the original data to pass through unchanged and interpolates between such that the mean-square error between the interpolated points and their ideal values is minimized. The spline cubic interpolation produces a smooth and continuous polynomial fitted to given data points.
MIMO OFDM Channel Estimation
Similar to the SISO scenario, the LS channel estimation for MIMO-OFDM System between n th transmitter and m th receiver antenna is
and MMSE channel estimation for MIMO-OFDM System between n th transmitter and m th receiver antenna is
where
Where n = 1, 2….NT, m = 1, 2….NR and NT, NR are the numbers of transmit and receive antennas, respectively, X (n) is an N X N diagonal matrix whose diagonal elements correspond to the pilots of the n th transmit antenna and Y (m) is N length received vector at receiver antenna m.
PERFORMANCE EVALUATION

System Parameters
OFDM system parameters used in the simulation are indicated in Table I . We assume to have perfect synchronization since the aim is to observe channel estimation performance. Moreover, we have chosen the guard interval to be greater than the maximum delay spread in order to avoid inter-symbol interference. Simulations are carried out for different signal-tonoise (SNR) ratios. The simulation parameters to achieve those results are shown in the table. 1. 
Channel Model
One multi-path fading channel model for SISO and 4 multipath fading channel models for 2 X 2 MIMO are used in the simulations. The channel model for SISO OFDM with sampling interval Ns is given by:
The channel models for MIMO OFDM are given by:
We can observe performance increase in multiplexing gain of MIMO system by examining the capacity vs SNR and the increased diversity gain by means of the plot of MSE and BER. The capacity plot which deriving multiplexing gain of SISO and MIMO systems is shown in Fig. 4 . And we can examine increased diversity gain in MIMO System by means of Mean Square Error (MSE) as shown in Fig. 5 and 6 and also by means of Bit Error Rate (BER) as shown in Fig. 7,8 9 ,10. Fig. 4 shows capacity plot of both SISO and 2 X 2 MIMO systems. In that figure we can observe that, we should have 3 dB more Signal power in SISO system to achieve the same data rate of MIMO system.
Figure 4. Capacity vs. SNR for SISO/MIMO OFDM Systems
We have modeled block-type and comb type pilot based channel estimations. Each block consists of a fixed number of symbols, which are 100 in the simulation. Pilots are sent in all the sub-carriers of the first symbol of each block in block-type model and pilots are sent in each symbol with some period in comb type and finally channel estimation is performed by using LS and MMSE estimation.
Simulation Results and Discussions
The instantaneous MSE is defined as the average error within an OFDM block and that can be expressed as (19), wheree k is the index of the sub carries and He(k) is estimated value of channel attenuation. 
MSE for LS/MMSE Estimators to MIMO OFDM Systems
The mean square error of channel is defined as the mean square error of frequency demine channel response. Fig. 5 and Fig. 6 shows the MSEs of the LS and MMSE channel estimation algorithms of SISO-OFDM and MIMO OFDM systems respectively. Fig. 5 and Fig. 6 shows the mean MSE versus the SNR, which is averaged over 1000 OFDM blocks at every SNR value. It can be observed that the performance improvement is there to system by system and also estimation algorithm wise. Out of all the above plots MIMO OFDM MMSE estimation constitutes low MSE. From Fig. 7 denotes BER plots of the SISO system when channel is known to receiver and with LS and MMSE estimated channels. The BER performance when channel is perfectly known at the receiver is taken as the reference. Our aim is to get a result which is as close as possible to that known channel curve. Out of remaining two plots MMSE plot have fewer error than LS plot. As seen in Fig. 7 , a gain in SNR up to 3 dB can be obtained for certain SNRs when using a MMSE estimator instead of the LS estimator.
Figure 8. BER plot for Block type pilot based MIMO OFDM with LS/MMSE Estimators
From Fig. 8 denotes BER plots of the MIMO system when channel is known to receiver and with LS and MMSE estimated channels. As SISO system in Fig. 8 the BER performance of known channel is compared to the channel estimator with LS based algorithm and that of with MMSE method. From Fig.7 we can observe that there is a 5 dB loss with LS estimator and there is a 2 dB loss with MMSE estimator when it compares with ideal case. From Fig. 7 and Fig. 8 we can examine the discrepancy between SISO and MIMO systems with respect to BER performances. In SISO OFDM we can achieve 0.035 BER at 8 dB SNR but in MIMO OFDM system we can achieve 0.035 BER at 2 dB SNR itself. So there is significant SNR gain of 6 dB. However the comb-type channel estimation with low pass interpolation which achieves the best performance among all the interpolation techniques is shown in fig. 9 and Fig. 10 . From Fig.  7 to Fig. 9 the BER performance of comb type pilot and block type pilot methods are compared and comb type methods are results poor performance than block type pilot based methods for the reason that of fast fading channels.
CONCLUSION
In this paper channel estimation based on both block-type pilot and comb-type arrangements in both SISO and MIMO OFDM based systems are compared. Channel estimation based on comb-type pilot arrangement is achieved by giving the channel estimation methods at the pilot frequencies and the interpolation of the channel at data frequencies. The estimators in this study can be used to efficiently estimate the channel in both OFDM systems given certain knowledge about the channel statistics. The MMSE estimator assumes a priori knowledge of noise variance and channel covariance. We then discussed Space Time Block coding and maximum likelihood decoding in the MIMO OFDM system to enhance its performance further. We can also observe the advantage of diversity in MIMO system results less BER than SISO system. And simulation results show that MMSE estimation for MIMO OFDM provides less MSE than other systems. Finally, by comparing the performance of MMSE with LS, it is observed that the former is more resistant to the noise in terms of the channel estimation
